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I. INTRODUCTION
B ROADBAND wireless systems are expected to have high power and spectral efficiency, and to sustain high bit rates, even when subjected to severely time-dispersive channels. Future systems must be able to surpass these challenges using advanced equalization techniques that compensate the high level of signal distortion. The high channel impulse response lengths, inherent to severely time-dispersive channels, make time-domain equalization techniques inadequate, since their complexity grow linearly with the length of the channel impulse response [1] . This justifies the use of block transmission techniques combined with Frequency Domain Equalization (FDE) [2] where the complexity per data symbol is lower and less dependent from the length of the channel impulse response. At the uplink transmission, the challenge is further increased by the limited power consumption of the Mobile Terminals (MT). To preserve battery power, the MT should resort to low cost, highly efficient power amplification and concentrate the signal processing load at their Base Stations (BS) [2] , [3] .
To achieve a low cost and highly efficient power amplification we should employ grossly nonlinear power amplifiers. These amplifiers are only recommendable for signals with constant or quasi-constant envelope. Offset modulations are particularly interesting in this context because both the envelope fluctuations and dynamic range of the transmitted signals are typically much lower than those of their corresponding non-offset signals. However, this is achieved at the expense of bandwidths wider than the minimum Nyquist band. Modulations like Minimum Shift Keying (MSK) [4] , Gaussian MSK and other Constant Phase Modulation (CPM) schemes [5] can be decomposed as the sum of OQPSK components [6] , and we can design OQPSK-type signals with good trade-offs between power efficiency, spectral efficiency and reduced envelope fluctuations [7] , [8] . Offset modulations based on larger constellations such as OQAM (Offset Quadrature Amplitude Modulation) [9] , while having much higher envelope fluctuations, can also be written as a sum of OQPSK components with very low envelope fluctuations. These components can then be separately amplified, without added distortion, by several grossly nonlinear amplifiers [10] , allowing efficient power amplification.
SC-FDE (Single-Carrier with Frequency-Domain Equalization) schemes [11] are excellent candidates for the uplink of broadband wireless systems where MTs have strict power constraints. In fact, the achievable performance and and overall signal processing complexity are similar to OFDM systems, but the transmitted signals have much lower envelope fluctuations and the signal processing load is shifted to the receiver (the BS in the uplink case). The performance can be further improved when SC-FDE schemes are combined with efficient nonlinear equalization techniques [12] . However, when conventional FDE receivers (designed for non-offset modulations) are employed with offset modulations, the performance is very poor due to the residual interference between the in-phase and quadrature components at the sampling instants [13] . For this reason, FDE receivers specially designed for offset modulations were proposed in [13] . The basic idea behind these schemes is to design the FDE in such a way that the overall impulse response at its output (including the channel and transmit and receive filters) becomes real, avoiding IQI (In-phase/Quadrature Interference). Since these schemes can have very high residual ISI, modified FDE receivers were proposed in [14] that minimize the overall residual ISI plus IQI levels, allowing an improved performance. Unfortunately, even the best FDE receivers for offset modulations have a somewhat disappointing performance when large offset constellations are employed [15] .
Contrary to what could be expected, the performance of offset modulations with conventional FDE receivers improves when we employ raised-cosine pulses with close to zero rolloff (i.e. with the minimum Nyquist bandwidth) [16] . In this paper, we take advantage of this particular detail to define pragmatic FDE receivers for offset modulations that can take full advantage of the multipath diversity. To decrease the complexity of the feedback loop, the oversampling and offset procedures are treated separately from the equalization process in a special block pair. The proposed FDE schemes can equalize oversampled and non-oversampled, offset and nonoffset signals alike, allowing good performance, even for high order constellations. This paper is organized as follows: section II explains both QAM (Quadrature Amplitude Modulation) and OQAM signals and their respective oversampling. Section III describes several linear receiver designs for offset modulations. A set of performance results is shown in section IV. Section V shows the designs' adaptation to iterative receivers and devises a less complex iterative method. A series of simulations were conducted to evaluate the performance of the proposed iterative receivers. The corresponding Bit-Error-Rate (BER) performance results are then presented in section VI. A complexity analysis is made in section VII and section VIII gives the final remarks for this paper.
II. OFFSET QAM SIGNALS
Let us consider an SC-FDE scheme where the data is transmitted in blocks of N symbols with a suitable cyclic prefix of N CP samples appended to the beginning of each block. The data block to be transmitted is {a n ; n = 0, 1, ..., N −1}, where a n = a I n + ja Q n ′ is the nth data symbol, a I n for the in-phase component and a Q n for the quadrature component. The data bits of an M 2 -OQAM constellation with no zero crossings and low envelope fluctuations with a general grey mapping can be described as,
for the in-phase component and
for the quadrature component, where b
are the m's in-phase and quadrature sent data bits [17] , [18] ,
and {φ (p) Assuming that the complex envelope of the transmitted signal is
where r(t) is the adopted pulse shape, T s is the sampling time, T o = T s ϕ is the time offset between both I and Q components, usually with ϕ = 0.5, and N CP is the length of the cyclic prefix required for an efficient FDE implementation [2] . The block {a n ; n = 0, 1, ..., N − 1} is periodic with period N . Therefore, the cyclic prefix is a repetition of the last N CP data symbols of the data block, a −n = a N −n .
At the receiver side, if the received block is sampled at T s /J rate, with J ∈ N samples per symbol, the samples associated to the useful part of the block, without cyclic prefix, will be {x 1 . Since x(t) is cyclostationary [19] , E [x(t)x(t − τ )] is periodic in t, with period T s for non-offset modulations, and T s /2 for offset modulations.
The frequency-domain block associated to {x
where
and
as the oversampled data symbols. The relation of the oversampled data symbols to the regular data symbol block is distinct whether we consider offset or non-offset modulations.
A. Non-offset Modulations
If we consider a non-offset modulation (ϕ = 0), the relation of the oversampled data symbols to the regular data symbol block, as we can see in Fig. 1 , is
with n = 0, 1, . . . , JN − 1 and n ′ = 0, 1, ..., N − 1. In the frequency domain, the correspondent oversampled data symbol block is A
with x mod y as the remainder of division of x by y. The process to obtain the regular data symbols from an non-offset oversampled frequency data block is { a n ; n = 0, 1,
1 J is assumed to be large enough to avoid aliasing effects. 
Non-offset modulation This means that an implicit multiplicity exists in the frequency-domain block when the adopted pulse shape has a bandwidth higher than the Nyquist band 2 [20] . Therefore, the frequency-domain sample A k , can be repeated in several X (J) k samples, separated by multiples of N , as shown in Fig.  2 .
B. Offset Modulations
On the other hand, in offset modulations (usually with ϕ = 0.5 or T o = T s /2) the relation of the oversampled data symbols to the regular data symbol block is
where the symbol from the in-phase component appears separated from the quadrature component, as depicted in Fig.  1 . Furthermore, the oversampling procedure needs J as a multiple of 1/ϕ and can be represented in the frequency domain as
2 R k is not restricted to N non-zero samples. 
The correspondent frequency domain phase deviation, from the quadrature component relatively to the in-phase component, can be described as
In regular offset modulations, where ϕ = 0.5, there is a key difference when compared with non-offset modulation:
Therefore a sign shift occurs every N samples (see Fig. 2 ).
To obtain the regular data symbols from an oversampled frequency data block taking into account the implicit multiplicity, we need to process the oversampled frequency domain data symbols by performing undersampling,
followed by the usual IDFT (Inverse Discrete Fourier Transform) { a n ; n = 0, 1,
III. LINEAR FDE DESIGN FOR OQAM
In FDE, the received signal is sampled at J/T s rate (oversampling the signal at rate J), the cyclic prefix is removed and the resulting block {y 
is the corresponding noise component and
is the overall channel impulse response associated to the kth subcarrier, which includes the adopted pulse shape R (J) k and the channel impulse responseH
k , as shown in Fig. 3 . From Fig. 4 it was found that the inherent time offset T o produces high level interference between both I and Q components of OQAM signals. Since the I and Q symbols are associated to the real and imaginary parts of the transmitted signals, there is no interference between the I and Q components at the sampling instants when the adopted pulse shape is real. However, it is not enough to employ a real-valued pulse shape r(t), because the channel can make the equivalent pulse shape at the receiver
complex-valued, where the received symbols after the feed-
This is the case of typical time-dispersive multipath channels such as the ones inherent to broadband wireless systems. Fig. 5 represents the equalization process for a linear FDE that can be expressed as
where {F (J) k ; k = 0, ..., JN − 1} are the feedforward coefficients, responsible for the performance of the linear FDE that will be discussed in the following subsections. Finally, to obtain the corresponding time domain data symbols' estimate a n ′ , it is necessary to remove the oversampling and the offset from A (J) k (16) , and apply the IDFT to the resulting A k (17) .
A. Conventional FDE
The conventional linear FDE for non-offset modulations taking into account oversampled signals under the MMSE (Minimum Mean Squared Error) criteria is characterized by the following feedforward coefficients [21] :
with α denoting the inverse of the SNR and κ selected to ensure
3 h(t) is the channel impulse response, f (t) the corresponding feedforward equalization filter and * denotes the convolution operator. 
B. Interference minimization FDE
It was demonstrated in [13] that conventional MMSE FDE for non-offset modulations had very poor performance under offset scenarios. In [14] was presented a solution using feedforward coefficient values that minimize both IQI and ISI under the MMSE criteria 
with Z
This method was shown to have significantly better performance over the conventional MMSE FDE [14] .
C. Minimum-band FDE
The motivation for this method started with the BER (Bit Error Rate) performance comparison between raised cosine support pulses with different roll-off factors. From the observation of the right side of Fig. 6 , it is possible to conclude that using the conventional linear FDE equalization, characterized by (23), with an extremely selective channel impulse response, the best performance is only achieved with raised cosine support pulses with a null roll-off factor. From Fig. 6 we can perceive that the IQI levels are lower when the support pulse bandwidth shrinks. Therefore we can define, a very simple FDE where the received signal is filtered to remove all frequency multiplicity, leaving only the N sample signal (Φ) that has the highest power at the transmitter (see Fig. 7 ) [16] . Mathematically, this operation can be expressed as
Further on, the equalizer coefficients are obtained by the traditional MMSE criteria,
but take into account the filtered channel response H (MB)(J) k , instead of the overall channel impulse response H (J) k . However, there is a drawback in this method, since it neglects all the power sent by the transmitter outside of the filtered region and therefore, all of the signals' diversity. In fact, the total power loss, considering an MSK support pulse is
with
Therefore, this method starts off hindered, compared to the other ones.
D. Full-band FDE
This method implements a pragmatic equalization method that uses the full band of the oversampled received signal already represented in Fig. 2 . The transmitted signal given by (5) is divided in two parts: the data symbols A k . Since the support pulse has a fixed given value, the receiver will be able to know a priori, its value without any kind of estimation.
For the sake of simplicity, let us assume that the support pulse r(t) is selected to ensure that the output of the matched are, in fact, real. The same would remain true if a ZF (Zero Forcing) equalizer (i.e., F k = 1/H k ) was to be employed at the receiver before the equivalent matched filter operation 4 . Since a ZF is not recommendable in SC-FDE communication due to noise enhancement effects, we can employ a "full-band" MMSE equalizer to invert channel effects. The feedforward coefficients values for this equalization are
as the MMSE equalizer. In this way, for a high enough SNR (α → 0), when E k is applied toH (J) k , the result will be
Therefore, when the values for the feedforward coefficients F
mitigating both ISI and IQI. 4 In the frequency domain, the matched filter can be regarded as multiplying the "full-band" signal samples (i.e. the samples associated to the oversampled received) by R 
IV. PERFORMANCE RESULTS FOR LINEAR EQUALIZATION
In this section we present a set of performance results concerning linear receivers for 16-OQAM and 64-OQAM signal constellations with blocks of N = 256 data symbols and MSK as the chosen support pulse. We considered severely time dispersive propagation channels, with uncorrelated Rayleigh fading in different taps. The duration of the useful part of the data block (N symbols) is 4µs and perfect synchronization and channel estimation is assumed. Oversampled and nonoversampled non-offset modulations (16-QAM and 64-QAM) with linear conventional FDE were added to the results for comparison purposes. Fig. 8 presents the BER performance of these three methods against the conventional FDE and the MFB (Matched Filter Bound) for a 16-OQAM constellation. The MFB can be defined as
where E b denotes the average bit energy and N 0 the onesided power spectral length of the channel noise.
From these results we can verify that all the methods achieve better performance than the conventional FDE except the minimum-band method for E b /N 0 values below 10 dB (mainly due to the specific 1.5 dB power loss of the method). Nevertheless for E b /N 0 > 20 dB, this method surpasses the interference minimization method, becoming the second best. It's clear that the method with the best performance is the full-band FDE, reaching the lowest BER for any given E b /N 0 value. This behavior becomes more obvious when the constellation order is increased, as we can see from the comparison of Fig. 9 with Fig. 8 . Due to the high interference values of 64-OQAM constellation, the conventional and IQI-free methods have increasingly reduced performance. In higher order constellations, the advantage of the minimumband and full-band FDE is more distinct, with the latter still acquiring the best performance result of all the methods. When compared to non-offset modulations, the full-band FDE has better performance than non-oversampled 16-QAM and 64-QAM but falls behind the oversampled 16-QAM and 64-QAM results.
V. ITERATIVE FDE DESIGN

A. Iterative FDE with IQI cancellation
Further improvements on the performance of linear equalization can be obtained through iterative equalization. The objective of the iterative receiver of [22] , whose structure is depicted in Fig. 10 , is to mitigate the residual ISI from the feedforward equalization, and at the same time cancel the IQI by removing the signal's quadrature component from the inphase detection and vice versa. This method can be regarded as
for the in-phase component and 
only the even data bits are relevant, whereas for the quadrature block
only the odd data bits are relevant for detection. The first iteration of this method is, in fact, a linear equalization, where A k are non existent and ρ = 0. Therefore, we can use any linear method (namely those from subsection III-A, III-B, III-C and III-D) as the first iteration of the IB-DFE. For all the following iterations, the values of the feedforward and feedback coefficients are calculated in the following way:
with the feedback data reliability, ρ, defined by (62). The overall average received frequency values for the in-phase and quadrature that cancel the IQI through the successive iterations are Y
for the quadrature component, where
are the oversampled frequency domain data bits for the in-phase and quadrature component, respectively, defined in section V-C.
B. Proposed Iterative Receiver
The complexity of the previous iterative receiver, with different equalization for each signal component, was significant. To reduce its complexity, we combine the feedback data symbols in such a way that there is no need to separately equalize the in-phase and quadrature components of the received signal. The structure of this new iterative receiver is depicted in Fig.  11 , and the FDE output for a given iteration can be defined as A
Note that the feedback data bits are more precise due to soft bit decisions (explained in the next subsection) [1] . After applying the undersample (16) and IDFT (17) we obtain the non-offset estimated data bits a n . different version of the Full-Band FDE (38) that takes into account the feedback data reliability
C. Feedback Data Symbols
Considering the general M 2 -QAM mapping in (1) and (2), and assuming uncorrelated bits due to the usage of a suitable interleaver, we can obtain {A 
To obtain a n , the average symbol values conditioned to the FDE output [17] , [18] , we need to compute the average bit values conditioned to the FDE output, b 
for the quadrature component. The log-likelihood ratio of the mth bit of the nth transmitted symbol component, Λ
I(m) n
for the in-phase component and Λ
Q(m) n
for the quadrature component, are given by
where Φ (16) and (17) . σ 2 denotes the variance of the real and imaginary part of the overall noise (plus residual ISI and IQI) at the FDE output. In practice it can be estimated by
Finally, the reliability of the estimated average data symbols' soft decision a n , to be used in the feedback loop, taking into account the use of a general M 2 -OQAM mapping in (1) and (2) , are obtained by (Fig. 12) , with the proposed receiver and four iterations, all the methods obtain similar performance results, except for the conventional FDE. This means that the proposed iterative receiver has substantial interference cancellation power, with performance results close to the MFB for all the other three methods. Nevertheless, when we increase the constellation order to 64-OQAM (Fig. 13) , both the conventional and interference minimization methods reach a BER floor of 10 −2 and 10 −3 , respectively, due to being unable to mitigate all of the 64-OQAM interference. Only the minimum and full-band FDE are able to cope with a 64-OQAM signal constellation, with the full-band maintaining the closest results to the MFB, and similar to that of a conventional iterative FDE for an oversampled non-offset modulation. Even for the case of a 64-OQAM constellation with a severely time dispersive propagation channel.
If we increase the overall SIR (Signal-to-Interference Ratio), by using a non-uniform 64-OQAM constellation, with High Protected Bits (HPB) φ (3) = 4, Medium Protected Bits (MPB) φ (2) = 1 and Low Protected Bits (LPB) φ (1) = 1/4 (see Fig. 14) , the results show that for linear receivers there is a significant performance difference between the full-band and min-band FDE, with the former having always higher rates. On the other hand, for the iterative receivers, only the least protected bits of the full-band FDE have significantly higher performance than for the min-band FDE. In the higher protected bits, while full-band FDE outperforms min-band FDE in all simulated results, the performance of both methods is similar. The conventional FDE and interference minimization FDE methods were unable to mitigate the high levels of SIR, making data transmission unfeasible. 
VII. COMPUTATIONAL COMPLEXITY
The receiver complexity is mainly a function of the oversampling factor and the number of iterations, for both offset and non-offset modulations. In fact, for a given oversampling factor and number of FDE iterations, the receiver complexity is similar with both modulations since the number of FFT operations are similar. When we employ Nyquist filtering with zero or near zero roll-off factor (i.e., we have minimum bandwidth), the oversampling is not an issue and the resulting complexity for either modulation is also similar. However, for a signal with wider bandwidth, it is recommendable to employ oversampling to take full advantage of its diversity effects.
The computational complexity per data block of the equalizer structures resumes to a pair of FFT/IFFT, whose complexity is of the order 2JN log 2 (JN ), plus JN multiplications by the F k coefficients and N additions of J replicas. Therefore, the overall FDE complexity is
O(JN log(JN )) + O(JN ) ∝ O(JN log(JN )). (65)
The overall complexity per data symbol is O(J log(JN )) and the complexity required to obtain the F k is O(JN )
For the iterative method we need a pair of FFT/IFFT, with complexity of the order 2JN log 2 (JN ), plus 2JN multiplications (JN for the F k and JN for the B k ), for each iteration. If the receiver has I iterations, the overall receiver complexity is O (IJN log(JN ) ) and the complexity per detected symbol is O (IJ log(JN ) ). For each iteration, the complexity required to obtain the F k and B k is also O(JN ).
VIII. CONCLUSIONS
In this paper we considered the use of offset modulations with SC-FDE schemes and we presented pragmatic receiver designs suitable for signals with bandwidth above the Nyquist band. The oversampled OQAM signal was demystified and we presented both linear and iterative FDE designs that are able to cope with the high interference generated by an oversampled 64-OQAM signal, reaching values close to the MFB for the iterative full-band FDE. In this way we were able to develop both linear and iterative FDE designs that are easily interchangeable for offset, non-offset, oversampled and non-oversampled signals, requiring only a pair of "Oversampling/Undersampling" blocks that take into account whether the received signal is an offset or non-offset signal, and a different feedforward coefficient calculation, from their conventional FDE counterpart.
Our performance results show that the pragmatic FDE receivers have excellent performance and are a promising method for offset modulations with high order constellations.
